Objectives: To investigate the genetic features of three plasmids recovered from an MCR-1 and ESBL-producing Escherichia coli strain, HYEC7, and characterize the transmission mechanism of mcr-1.
Introduction
The plasmid-mediated colistin resistance gene, mcr-1, has become detectable in animals, food products, human faecal samples and environments worldwide 1, 2 since its emergence in China in late 2015. 3 Successful acquisition of mcr-1 by MDR Gram-negative pathogens, especially ESBLs and carbapenemase-producing Enterobacteriaceae (CRE), represents a significant threat to human health as colistin is currently regarded as the last-resort agent used to treat infections caused by CRE. 4 To date, mcr-1 has been found in the IncX4, IncI2, IncHI2, IncP and IncFII plasmids. [5] [6] [7] Furthermore, a chromosome-based mcr-1 gene has also been detectable recently [8] [9] [10] in Germany and China, as well as in our investigation (R. Li, M. Xie and S. Chen, unpublished data).
Our previous study has detected and defined the mcr-1-bearing transposon Tn6330 with structure ISApl1-mcr-1-orfISApl1. This structure has been found in IncHI2-type plasmids and bacterial chromosomes with the ability to generate a circular intermediate harbouring ISApl1 and mcr-1. [8] [9] [10] [11] In this study, we investigated the genetic profile of plasmids recovered from an MCR-1 and ESBL-producing Escherichia coli strain and depicted the potential transmission mechanisms of mcr-1.
Methods
Identification of the mcr-1 strain API 20E strip (bioMérieux). Antimicrobial susceptibility testing against different antibiotics (Table S1 , available as Supplementary data at JAC Online) was conducted for this strain with the microbroth dilution method and interpreted with the CLSI standard.
12 E. coli strain ATCC 25922 was used as a quality control strain. PCR and sequencing analyses were performed to confirm the presence of the mcr-1 gene in this strain using primers as previously reported. 3 Conjugation, S1-PFGE and hybridization S1-PFGE and hybridization performed to determine the location of mcr-1 showed that three plasmids ($224, 110 and 90 kb) existed, and that the mcr-1 gene was located in a plasmid of $90 kb. Conjugation assays were performed utilizing J53 AZ R as the recipient strain to test the transferability of the mcr-1-bearing plasmid.
Plasmid sequencing
To obtain comprehensive understanding of the genetic basis of the antibiotic resistance phenotypes bestowed by plasmids in this strain, the complete sequences of the three plasmids that it harboured were decoded by whole-plasmid sequencing using Illumina Nextseq 500 and singlemolecule real-time sequencing (SMRT) platforms. Paired-end Illumina reads (2 Â 150 bp) were assembled with SPAdes 3.5 13 and the resulting contigs were reassembled with those of PacBio contigs generated by HGAP3.0. The complete sequences of the three plasmids were annotated by the RAST tool, 14 edited manually and submitted to the NCBI database with the following accession numbers: pHYEC7-mcr1 (KX518745), pHYEC7-IncHI2 (KX518743) and pHYEC7-110 (KX518744). Easyfig 15 and BRIG 16 were used in comparative analysis and generation of plasmid maps.
Excision of Tn6330
To test the stability of Tn6330, a pair of reverse primers (MCR1-RC-F ACGCACAGCAATGCCTATGA, MCR1-R CTTGGTCGGTCTGTAGGG) targeting mcr-1 was used to test the ability of Tn6330 to generate circular intermediate.
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Primers Tn-F (GTTCCCGACAGAAGAGGAGC) and Tn-R (ATTGGCGACTGATGGAGTGG) targeting the surrounding sequences of Tn6330 were utilized to investigate whether the intact Tn6330 was consistently present among the test bacterial population. The sequences of PCR products were confirmed by Sanger sequencing.
Results and discussion
The E. coli strain HYEC7 was found to be resistant to a wide range of antimicrobial agents, including ceftriaxone (16 mg/L) and colistin (8 mg/L), but remained susceptible to meropenem (Table S1 ). S1-PFGE and hybridization indicated three plasmids existed in HYEC7, and the mcr-1 gene was located in the smallest plasmid with a length of $90 kb ( Figure S1 ). A conjugation assay was performed on HYEC7, while the colistin resistance phenotype could not be transferred to the recipient strain, even though many attempts were made. To characterize the genetic features of the mcr-1-bearing plasmid and another two plasmids, the complete sequences of these three plasmids, pHYEC7-mcr1, pHYEC7-IncHI2 and pHYEC7-110, with sizes of 224 736, 110 226 and 97 559 bp, respectively, were obtained for further analysis.
The complete sequence of the mcr-1-bearing plasmid pHYEC7-mcr1 was found to be 97 559 bp in length, exhibit a GC content of 47.46% and comprise 105 ORFs. BLASTn results showed that it was 98% identical to phage P1 (AF234172) at 72% coverage and P7 (AF503408) at 73% coverage. It exhibited high-level homology to the phage-harbouring MDR plasmid pKP12226 (KP453775) in Klebsiella pneumoniae, with 98% identity at 79% coverage, as well as the bla SHV-2 -bearing phage RCS47 (FO818745) in E. coli, with 98% identity at 72% coverage. Apart from the backbone region encoding phage-related proteins, the mcr-1-borne transposable element Tn6330, characterized by the structure ISApl1-mcr-1-orfISApl1, and a type I restriction-modification system, were also found to have been inserted into the genetically conserved region of the plasmid backbone (Figure 1) . The presence of Tn6330 in IncHI2 plasmids and bacterial chromosomes has previously been described. 8, 11, 17 In this study, we showed that Tn6330 in this phage-like plasmid could be excised as a circular intermediate, which was detectable in the form of a $2.5 kb amplicon (Figure 1f) . Hence, two PCR products ($ 5 and 1.4 kb) could be generated by the primers Tn-F and Tn-R when genomic DNA of the E. coli strain was used as template (Figure 1c) . DNA sequencing of the two PCR products showed that the 5 kb PCR product was the intact Tn6330, and that the 1.4 kb PCR product consisted of only one copy of ISApl1, which was presumably the plasmid fragment that remained upon excision of the circular intermediate containing mcr-1. These data indicate that transposition of Tn6330 is reversible and dynamic, and that the circular form could readily be excised from the plasmid and regenerate into Tn6330 by integrating with ISApl1 inversely, thereby facilitating its transposition into the backbone of other plasmids that contain the ISApl1 element ( Figure 1) . A similar integration and excision mechanism has previously been demonstrated for the IS30 transposase, 18 which is homologous to ISApl1. Similarly, the recently reported mcr-2 gene was found to be located in a composite transposon with the structure IS1595-mcr-2-pap2-IS1595, whose functional role was unknown at present. 19 On the other hand, transfer of resistance genes via phage-related elements has been reported previously. [20] [21] [22] The RepA protein of pHYEC7-mcr1 is known to belong to the IncY incompatibility group and exists in P1 and P7 bacteriophages, both of which replicate in their hosts as independent lowcopy-number, plasmid-like elements. 20 The presence of mcr-1 in P7-like phage also implies that mcr-1 is transferable to other bacteria through transduction or insertion into chromosomes via its recombination system. Considering that phages are widespread in natural E. coli isolates, 20 the role of phages or phage-like plasmids in dissemination of mcr-1 highlights a new concern.
Among the three plasmids, the size of the IncHI2-type plasmid pHYEC7-IncHI2 was the largest, with a length of 224 736 bp and 266 predicted CDSs. The backbone of this plasmid was almost identical to that of other structurally similar IncHI2 plasmids, which harbour various antibiotic resistance genes, including bla CTX-M-14 , fosA3, oqxAB, floR, sul2 and gene cassettes distributed among mobile elements. Compared with the original mcr-1-bearing IncHI2 plasmid pHNSHP45-2, 23 three regions in which antibiotic resistance genes were observable were found to exhibit structural differences ( Figure S2) . First, the ISApl1-mcr-1-orf region located between terF and the hypothetical CDS was absent in pHYEC7-IncHI2, indicating that mcr-1 could readily be inserted into this region in IncHI2 plasmids. Second, the fragment IS26-bla CTX-M-14 -DIS903-fosA3-IS26 was reversely inserted in pHYEC7-IncHI2. Third, pHNSHP45-2 was known to harbour a large MDR region of $50 kb, whereas in pHYEC7-IncHI2, the complex class 1 integron ($17 kb) located between IS26-oqxAB-IS26 and floR was absent. Based on these findings, we hypothesize that the ESBL-encoding pHYEC7-IncHI2 plasmid could be the prototype of Characterization of a novel mcr-1-bearing plasmid JAC mcr-1-bearing IncHI2 plasmids. Because of the existence of mcr-1-bearing mobile elements in the HYEC7 strain, the IncHI2-type plasmid pHYEC7-IncHI2 may have the potential to capture mcr-1 by site-specific recombination, thereby further facilitating the dissemination of mcr-1 by horizontal gene transfer and creating mcr-1-positive IncHI2 plasmids that possess a structure similar to that of pHNSHP45-2. This recombination process enables the nonconjugative plasmid, pHYEC7-mcr1, to transfer its mcr-1-encoding mobile element to pHYEC7-IncHI2, forming a conjugative mcr-1-positive plasmid similar to pHNSHP45-2, which can in turn mediate the transmission of mcr-1 among different bacterial species.
The third plasmid that the HYEC7 strain harbours, pHYEC7-110, was found to comprise the IncX1 and IncFIB replicons, the mph operon, floR gene, class 1 integron, oqxAB operon and some other resistance gene cassettes bounded by various insertion sequences. It was 110 226 bp in length, in which 143 CDSs were predicted. BLASTn analysis showed that pHYEC7-110 displayed the highest level of homology with the plasmid pSJ_255 found in E. coli (NZ_CP011062), with 99% identity at 51% coverage ( Figure S3 ), suggesting that the structure of the plasmid was novel. Resistance genes and insertion sequences accounted for more than half of the plasmid. Upon comparison with pHYEC7-IncHI2, it was found that several resistance regions, including oqxAB and floR, coexisted in both plasmids. In addition, the sul3-associated class 1 integron was found to be present and located between two IS26 elements in pHYEC7-110, in which a class 1 integron similar to that found in pHNSHP45-2 also existed ( Figure S2 ). The recovery of multiple plasmids that harboured structurally similar mobile elements in one host strain implied that genetic exchange between such plasmids was common, and that such plasmids could readily be transferred to other organisms, constituting one major evolution and resistance development route for bacterial pathogens.
In conclusion, an ESBL and MCR-1-producing E. coli strain recovered from a pig faecal specimen was found to harbour three plasmids. Two MDR plasmids, pHYEC7-IncHI2 and pHYEC7-110, were found to comprise various resistance genes, including bla CTX-M-14 , fosA3, floR, oqxAB and a class 1 integron harbouring diverse genetic cassettes. The mcr-1 gene was found in a P7-like plasmid, pHYEC7-mcr1, and shown to exist in the format of the Li et al.
transposon Tn6330 (ISApl1-mcr-1-orf-ISApl1), which could generate a circular intermediate (ISApl1-mcr-1-orf) by excision from the plasmid. Based on these findings and our previous study, 11 we propose that Tn6330 is a key element responsible for transmission of mcr-1, the circular intermediate of which may eventually be integrated in various ISApl1-bearing vectors. The finding that Tn6330 is located in a phage-like plasmid infers that such a transposable element may be further disseminated via transduction events. The exact functional mechanism of both the Tn6330 element and phage-like plasmids in dissemination of the mcr-1 gene needs to be further investigated.
